Background: Many clinical trials include multiple patient-reported outcomes (PROs) to measure fatigue as secondary or exploratory endpoints of treatment effectiveness. Often, these instruments have overlapping content. The objective of this study was to compare the combined measurement properties of two fatigue scales, the Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-Fatigue) and SF-36 vitality (VT) scale using item response theory (IRT). Methods: The FACIT-Fatigue and SF-36v2 were administered at baseline and weeks 2, 4, 7, 12, and 16 to rheumatoid arthritis (RA) patients (n = 237) enrolled in a 52-week multicenter, randomized, double-blind, placebo-controlled, parallel-group, dose finding study to evaluate the efficacy and safety of subcutaneous secukinumab administered to patients with active RA. Confirmatory factor analysis (CFA) was used to investigate unidimensionality among FACITFatigue and VT items. A generalized partial credit IRT model was used to cross-calibrate the FACIT-Fatigue and VT items and weighted maximum-likelihood estimation was used to score a composite fatigue index. Analysis of variance was used to compare the composite fatigue index with the original scales in responding to ACR improvement and treatment effects. Results: CFA found less than adequate fit to a unidimensional model. However, specifications of alternative multidimensional models were insufficient in explaining the common variance among items. An IRT model was successfully fitted and the composite fatigue index score was found to be more responsive than the original scales to ACR improvement and treatment effects. Effect sizes and significance tests for changes in scores on the composite index were generally larger than those observed with the original scales. Conclusion: IRT methods offer a promising approach to combining items from different scales measuring the same concept that could improve the detection of treatment effects in clinical studies of RA.
Background
Rheumatoid arthritis (RA) is a systemic, chronic inflammatory disease characterized by joint pain, stiffness, and deformity in multiple regions, particularly the hands and feet. The disease affects approximately 0.5% -1% of the population in developed countries [1] [2] [3] . The natural course of the disease is one of persistent symptoms, varying in intensity, with a progressive deterioration of joint structures leading to deformity and disability. The progression of the disease places an enormous burden on the patients, their families, and society as a whole. The annual direct costs of care attributable to RA from the societal perspective was estimated to be $3.6 billion [4] and increasing functional impairment due to RA often leads to work disability [5] [6] [7] [8] . In addition, RA has a profound effect on health-related quality of life (HRQoL), impacting not only physical aspects, but psychological well-being, social and role functioning, and other areas as well [9] [10] [11] . Lastly, patients with RA are at a greater risk of early death [12] ; it is estimated that RA reduces a patient's lifespan by anywhere from 3 to 12 years [13] .
The disease course of RA varies greatly across individuals. Some experience mild short-term symptoms, but in most cases the disease is progressive for life. The goals of RA treatment include minimizing the clinical symptoms such as pain and swelling, preventing bone deformity and radiographic damage, and maintaining the individual's functional capacity and health-related quality of life [14] . With these treatment goals in mind, measuring the efficacy of RA treatment can be complex. Some of the clinical signs and symptoms of RA, such as swollen joints, elevated erythrocyte sedimentation rates (ESR), elevated C-reactive protein (CRP) levels, and radiographic damage, do not always correlate well with physical, social, or role functioning, fatigue, sense of wellbeing, or other long term outcomes [15, 16] . Therefore, reductions in any one of the clinical indications of RA may not always translate into improved functioning and well-being for the patient. Because one of the primary goals of RA treatment is to maintain and improve functional capacity, it is vital that effectiveness of treatments is also measured by patient self-reports of functional ability and well-being.
Patient-reported outcome (PRO) measures of fatigue are recommended as core end points in clinical studies of rheumatoid arthritis [17] . Accordingly, many clinical trials include multiple PROs to measure fatigue as secondary or exploratory endpoints of treatment effectiveness. Often, these instruments have overlapping content. For example, the SF-36 Health Survey [18] and the FACIT-Fatigue [19] both measure energy and fatigue. Differences in item response options and scoring methods prevent investigators from simply combining the items of common content from these tools to score a composite index of fatigue. However, with the recent emergence of modern psychometric methods (Rasch and Item Response Theory) in constructing health status measures, it has been shown that items of similar content from different instruments can be successfully calibrated onto a single scale [20] [21] [22] [23] [24] . The advantages of a single cross-calibrated scale include extending the range of the concept being measured, allowing minimization of ceiling and floor effects, and improving the measurement precision over scales scored from the items scaled independently [25] [26] [27] .
In this study, we employed methods of item-response theory (IRT) to evaluate the underlying measurement properties of two measures of fatigue (FACIT-Fatigue and SF-36 vitality scale) used in a randomized clinical trial setting of secukinumab (Novartis Pharma AG, Basel, Switzerland) treatment for RA [28] . The goal of this research was to examine whether the two measures of fatigue can be calibrated on a common metric with IRT methods to yield one composite index of fatigue. As a practical test to this cross-calibration of items from different instruments, we compared the ability of the composite fatigue index to detect change over time against the original scoring of the fatigue scales of each instrument independently. Criteria for change over time included measures of change in disease status (ACR improvement criteria) and fatigue outcome comparisons between treatment and placebo groups.
Methods
Regulatory and ethical review board approvals from competent authorities in each country were obtained for the study protocol. All patients signed an informed consent document, and the study was conducted in accordance with the Declaration of Helsinki and followed good clinical practice guidelines.
Study Population
A total of 237 adults with RA participated in a 52-week, multi-center, double-blind, placebo-controlled, parallel group, dosing study to evaluate the efficacy, safety and tolerability of subcutaneous secukinumab as add-on therapy in patients with active RA despite stable treatment with methotrexate. Eligible patients met the ACR 1987 revised classification criteria for RA for at least 3 months and were required to present active RA defined by ≥6 out of 28 tender joints and ≥6 out of 28 swollen joints, and high sensitivity CRP ≥10 mg/L or ESR ≥28 mm/1 st hour at the time of randomization. Eligible patients were also required to be on methotrexate for at least 3 months and treated with a stable weekly dose of ≥7.5 mg/week -≤25 mg/week for at least 4 weeks.
Measures

Functional Assessment of Chronic Illness
Therapy-Fatigue (FACIT-Fatigue) The FACIT-Fatigue is part of the FACIT measurement system, a comprehensive compilation of questions that measure a range of health-related quality of life concepts with cancer and other chronic illnesses [29] [30] [31] . The FACIT-Fatigue consists of 13 items that assess self-reported fatigue and its impact upon daily activities and function over the past 7 days. Patients are asked to answer each of the following questions on a 5-point Likerttype scale (0 = not at all; 1 = a little bit; 2 = somewhat; 3 = quite a bit, and 4 = very much). The items are: 1) I feel fatigued; 2) I feel weak all over; 3) I feel listless (washed out); 4) I feel tired; 5) I have trouble starting things because I am tired; 6) I have trouble finishing things because I am tired; 7) I have energy; 8) I am able to do my usual activities; 9) I need to sleep during the day; 10) I am too tired to eat; 11) I need help doing my usual activities; 12) I am frustrated by being too tired to do the things I want to do; and 13) I have to limit my social activity because I am tired. After reverse coding all items but 7 and 8, a total score is computed by summing up the response values, with a higher score indicative of less fatigue. During the efficacy evaluation period of this study the FACIT-Fatigue was administered at baseline and weeks 2, 4, 8, 12 and 16.
SF-36 Health Survey Vitality Scale
The SF-36 Health Survey includes 4 items that are used to score the vitality (VT) scale [18, 32] . The items of the VT scale are scored on a scale from 1 (all of the time) to 5 (none of the time). Patients are asked to give an answer that comes closest to the way they have been feeling in the past 4 weeks on the following questions: 1) did you feel full of life?; 2) Did you have a lot of energy?; 3) Did you feel worn out?; and 4) Did you feel tired? The SF-36 VT scale was scored using norm-based methods that standardize the scores to have a mean of 50 and standard deviation of 10 in the general US population, with higher scores indicating more energy, less fatigue [33] . During the efficacy evaluation period of this study the SF-36v2 was administered at baseline and weeks 2, 4, 8, 12 and 16.
Factor Analysis
A primary assumption underlying Item Response Theory (IRT) is that the items under evaluation are unidimensional. To examine whether the items from the SF-36 VT and FACIT-Fatigue scales measure one unidimensional construct of "fatigue," baseline data were analyzed using confirmatory factor analyses appropriate for categorical data and weighted least squares parameter estimation with the Mplus software [34] . The goodness of fit of the factor models was evaluated using the comparative fit index (CFI) [35] (suggested cut-off for acceptable fit > 0.9 [36] ) and the root mean square error of approximation (RMSEA) (suggested cut-off for acceptable fit < 0.10 [37] ), as well as an examination of residual correlations. Three different models were tested: 1) a one-factor model, 2) a two-factor model assuming that each form loaded on a separate factor, and 3) a model with several factors derived from theoretical considerations and results of previous models. The theoretical model for fatigue evaluated a separate factor for vitality (as opposed to fatigue) and a factor for fatigue impact (as opposed to the symptom fatigue). For models 2 and 3 we used a bifactor model [38] , which specifies both a global factor and specific factors, thus allowing a direct comparison of which factors explain more of the item variance.
IRT Analyses
Once it was confirmed that the items from the SF-36 VT and FACIT-Fatigue scales formed a unidimensional construct of fatigue, the next step consisted of fitting an IRT model for patients at baseline with complete responses to all items. The current analyses used the generalized partial credit (GPC) IRT model that can be defined in the following way:
where the item category parameters β ic are the values where the category response functions for two adjacent categories intersect (point on latent scale where there is an equal likelihood of selecting two adjacent response categories), the slope parameter α i (only one for each item) described the steepness of the curves, and θ j is the IRT score for each person. The GPC model has previously been used in the analysis of health outcomes data [21] . The GPC model assumes that the item response categories have a rank order and was selected over other types of IRT models, such as the partial credit model [39] or the graded response model [40] , based on previous successes in the analysis of patient-reported outcome instruments with the GPC model [20] [21] [22] 25] . Using the item category and slope parameters estimated from the GPC model, IRT scores for the composite fatigue index were estimated using the expected a posteriori (EAP) approach [41] . Scores for the composite fatigue index was rescaled so that the "average" score in the trial population was 50, with a standard deviation of 10, at baseline.
Analysis of Discriminant Validity and Responsiveness to Change
Analyses were conducted to evaluate and compare the responsiveness of the composite fatigue index with the SF-36 VT and FACIT-Fatigue scales. First, mean changes in each scale from baseline to week 16 were compared between patients who did and did not meet the ACR 20, ACR 50, and ACR 70 response criteria. Student's t-tests were conducted to test the significance of differences in mean score changes between ACR responder groups. Since each scale was scored using different scaling methods, effect sizes (ES) were computed for each scale by dividing the difference in mean change scores by the baseline standard deviation (SD) of each scale. The ES provided a means to compare the relative magnitude of difference in mean score change between ACR responder groups across scales. Second, the responsiveness of each scale was evaluated by comparing mean changes in scale scores from baseline to week 16 within and between treatment groups. Student's t-tests were conducted to test the significance of mean changes in scale scores within treatment groups (change from zero) and between each treatment and placebo group. Effect sizes were computed for each scale by dividing the change in score within groups by the baseline SD and the difference in mean change scores between groups by the baseline SD.
Comparisons of the relative efficiency of each scale and index in responding to changes in disease status (ACR response) and treatment were conducted by computing relative validity (RV) coefficients. The RV is computed as a ratio of F-statistics in a given test. Each Student's t-test was transformed into an F-statistic by squaring the t-statistic. The F-statistic is a ratio of the amount of separation in scores between groups relative to the within-group variance (error). The F-statistic is larger when the separation between groups is larger or when the within-group error variance is smaller. The RV coefficient for each scale and index in each test indicates, in proportional terms, its empirical validity relative to the best measure in the test [42, 43] .
Results
Patient Characteristics
The average age of the RA trial patients was 55 years (ranging from 26 to 78); 77% of these patients were female and 74% were Caucasian. At baseline, patients showed elevated disease activity. The average number of swollen and tender joints was 11.2 and 14.6, respectively. The mean DAS28 score derived from CRP was 5.7 and the mean DAS28 score derived from ESR was 6.4. Table 1 presents CFA results for the FACIT-Fatigue and SF-36 VT scale items. In a one-factor model for fatigue, most items loaded strongly on the global factor, except for two items with positive formulation (FACIT7 I have energy and FACIT8 Able to do usual activities). However, model fit was poor (CFI = 0.85, RMSEA = 0.21). A two-factor model improved fit, although not sufficiently (CFI = 0.93, RMSEA = 0.14). Also, items had strong loading on the global factor and some items had strong negative loadings on the form-specific factors (FACIT7, FACIT8, VT3, and VT4), again suggesting that the forms do not define different sub-domains. Acceptable fit (CFI = 0.97, RMSEA = 0.09) was achieved by a model that included two conceptual factors (fatigue impact and vitality) and further specified correlated error terms (local dependence) between adjacent items with similar content (FACIT5/FACIT6, FACIT7/FACIT8, VT1/VT2, VT3/ VT4). Loading on the global factor was strong for all items except FACIT7 and FACIT8, which had weak loadings on the global factor and loaded higher on the specific vitality factor. Based on these results, an IRT model was pursued for the combined set of items. The issue of local dependence was handled by fitting the IRT model in two steps, first excluding the first item from each pair of locally dependent items, then excluding the second item from each pair. Table 2 presents the item threshold parameters and fit statistics for the generalized partial credit model for the FACIT-Fatigue and SF-36v2 VT items. The most discriminating items (highest slopes) were from the FACITFatigue (FACIT4, FACIT5, and FACIT6). All three of these FACIT-Fatigue items measure the impact of tiredness on the individual's ability to function. As previously explained, item step parameters indicate the "location" at which each item response option falls on the latent scale, with the latent fatigue scale having a mean of 0 and SD of 1. As shown, the step parameters ranged from −4.53 (FACIT10 Too tired to eat) to 5.78 (FACIT8 Able to do usual activities). In looking at the location values, which is the mean of the step parameters of each item, the item indicative of the greatest impairment ("easiest item") is FACIT10 (−2.14, Too tired to eat) and the item indicative of the least impairment ("hardest item") is FACIT7 (1.72, Have energy). Lastly, only one item, VT03, showed significant misfit (Chi-square was 30.4, df = 15, p < 0.01), however the result was considered non-significant after controlling for multiple testing. Table 3 presents mean changes in fatigue scale scores by ACR responder groups (ACR20, ACR50, and ACR70). As shown, mean changes in all fatigue scales differed significantly between the ACR responder groups in the hypothesized manner. Patients categorized as responders showed significantly greater improvement in fatigue scale scores than non-responders. As shown, the SF-36 VT scale had the largest effect size in tests involving the ACR50 and ACR70 response criteria, while the composite fatigue index had a slightly higher effect size in the test involving the ACR20 response criteria. The composite fatigue index was the most efficient at discriminating between responders and non-responders in tests involving the ACR20 and ACR50 response criteria. In these two tests, the SF-36 VT scale was 65% (ACR 20) and 91% (ACR 50) as efficient, and the FACIT-Fatigue was 95% (ACR 20) and 89% (ACR 50) as efficient. In the test involving the ACR70 response criteria, the SF-36 VT cale was most efficient at discriminating between res sponder and non-responder, followed by the composite fatigue index (83%) and the FACIT-Fatigue (71%). Table 4 presents changes from baseline to week 16 for each of the fatigue scales by treatment group. From the within-groups analyses the composite fatigue index was found to be the most responsive to secukinumab treatment for all 4 secukinumab dose groups compared to the SF-36 VT and FACIT-F scales. Across secukinumab dose groups the effect size for the composite fatigue index was 11% -93% larger than the effect sizes observed for the SF-36 VT and FACIT-F scales. In addition, the F-statistics testing the difference in change score from 0 within each of the secukinumab dose groups was largest for the composite fatigue index, indicating a greater response to treatment. In the between-groups analyses, both the 75 mg (mean difference of 3.4 points, F = 3.8, p < 0.05) and 150 mg (mean difference of 4.2 points, F = 4.8, p < 0.05) secukinumab groups showed significantly greater improvement in fatigue scores on the composite index compared to placebo. No significant differences in change scores between the 75 mg and 150 mg dose groups and placebo was observed with either the SF-36 VT or FACIT-F scales.
Factor Analyses
IRT Analyses
Discussion
In this study, we used factor analytic and IRT methods to evaluate the measurement properties of the FACIT-Fatigue and SF-36 VT scale in the context of an RA clinical trial setting. The purpose of these analyses was to evaluate the possibility of combining the items of the two fatigue measures to score one composite index. Additional tests were conducted to determine whether combining the items from the two fatigue measures resulted in a scale that is more responsive to changes in disease status and treatment effects.
A requirement for combining items from different scales to score a composite index using IRT methods is evidence supporting unidimensionality, namely, evidence that shows all items to be defining one underlying construct. While a requirement for fitting an IRT model, the broader implication of items not fitting a unidimensional construct warrants further interpretation. Scales that combine items of various concepts into one scale are difficult to interpret as the item-content driving a difference in score between groups or a change in score over time is largely unknown. Furthermore, combining items that lack unidimensionality calls into question whether the scale validly measures the concept it was intended to measure. The results of factor analyses of the fatigue items of the FACIT-Fatigue and SF-36 VT scale did not point unequivocally to either a unidimensional or multidimensional structure underlying the items. Fit of the FACIT-Fatigue and SF-36 VT items to a unidimensional model was not ideal. Specification of survey-specific factors for the FACIT-Fatigue and SF-36v2 VT scale showed minimal improvement in model fit. Specification of models consisting of factors that were more conceptually based, such as fatigue impact and vitality for the fatigue index, showed the best overall model fit. However, all items showed sufficiently strong correlations on the global fatigue factor to warrant fitting a single IRT model. One potential source of the model fit problem may be due to the use of baseline data from the trial. Inclusion and exclusion criteria in clinical trials are often designed to produce a fairly homogenous sample with respect to disease activity. This in turn can result in less variability in item response distributions, which can potentially pose a challenge in psychometric testing. In data not shown, fit of a unidimensional model improved significantly with data from post-treatment assessment periods for the fatigue items due in part to more variability in item response distributions. Despite less than optimal fit to a unidimensional structure observed for fatigue items, the strength of the current study lies in comparing the composite fatigue index to the original scales in terms of responsiveness to changes in underlying clinical status, such as ACR improvement criteria. The results showed that the composite fatigue index was more responsive to changes in clinical disease activity than the FACIT-Fatigue and SF-36 VT scales in tests involving the ACR20 and ACR50. In tests of treatment response, the composite fatigue index showed larger effect sizes than the original scales with the within-group evaluation of changes in scores for each dose group. Additionally, the composite fatigue index showed a greater response to treatment in comparisons of outcome scores between the 150 mg secukinumab dose group and placebo. These findings suggest that the deviation from unidimensionality detected with the psychometric tests had little impact on the ability of each index to respond in hypothesized ways to changes in underlying clinical status and treatment effects.
Previous studies investigating the implications of applying IRT methods to the scoring of a composite physiccal functioning index resulted in improved responsiveness to changes in disease status and treatment effects [27] . For example, item parameters estimated with IRT methods showed that the items of the Health Assessment Questionnaire (HAQ) and SF-36v2 physical functioning scale defined different ranges of physical functioning, with the HAQ items defining a very low range and the SF-36 defining a higher range of functioning [27, 44] . The consequence of combining the items from both instruments extended the range of physical functioning measured and reduced problematic ceiling and floor effects, which resulted in improve responsiveness [27] . However, the explanation as to why the composite fatigue index performed relatively better than the original scales in this study seems less straightforward. Evaluating the IRT item parameters does not clearly indicate that either the FACIT-Fatigue or the SF-36 VT scale defines different ranges of the fatigue spectrum. In fact, both instruments conceptualize fatigue as a bipolar concept, including items that measure fatigue (lower range) and energy (upper range). Interestingly, the item parameters of "energy" (FACIT7, FACIT8, VT1, VT2) were less discriminating in both instruments as indicated by the magnitude of the slope parameters. This may be attributed to a greater number of items that measure fatigue. While further research is necessary to understand why the composite fatigue index performed better than the original scales, one possible explanation could be that the IRT item parameters provide better scaling of item responses by spreading them more appropriately throughout the continuum of fatigue as opposed to treating each item equally, as would the sum score approach. For example, the item FACIT12 (too tired to eat) has an item category parameter of −4.53, which defines a place on the continuum of fatigue that is almost 5 standard deviation units below the average of 0 in the trial sample, whereas the item category parameter of the item FACIT8 (able to do usual activities) has a value of +5.78, which is nearly 6 standard deviation units above the average of 0 in the trial sample. These parameter estimates are more than 9 standard deviations apart, yet the sum score approach would weight these items equally in the total score. This difference in the manner in which items are scored may explain the difference in the performance of the composite fatigue index over the original scales.
Several limitations of this study are recognized. First, this study included a relatively small sample size for IRT modeling. It is possible that the small sample size lacked the power to produce robust item parameter estimates as well as the ability to detect misfit or item bias among the items. Further studies with larger sample sizes are necessary to determine the underlying structures of both physical function and fatigue items from the instruments evaluated in this study. Another potential limitation concerns the use of multiple language versions of questionnaires in this trial. Coupled with the relatively small sample size, any chance of evaluating item bias as a result of differences in language was negligible. Such item bias tends to add noise in model testing of unidimensionality and parameter estimation. Additional studies in multinational settings with larger sample sizes is warranted to understand any differential item functioning that arises due to language or cultural differences.
Conclusion
In conclusion, IRT methods were useful in evaluating the underlying measurement properties of two widely used fatigue measures in RA treatment studies. Specifically, the use of IRT methods to cross calibrate the items from two different fatigue scales improved the measurement precision over a larger continuum on the latent physical fatigue measure, as compared to the original scales. Combining the best features of each instrument yielded a more powerful measure with greater sensitivity to clinical change and treatment response. As demonstrated in this study, a more precise measure may be important in deciding the optimal dose in treating patients with RA.
